The carmine spider mite, Tetranychus cinnabarinus (Boisduval), is one of the most important pests in the agricultural industry. Avermectins, as efficient acaricides, have been extensively used in the mite control. The targets for avermectins in mammals, nematodes, and insects had already been identified as c-aminobutyric acid and glutamate chloride channels. However, the targets for avermectins in mites are still not clear. Here, we report the cloning of 5 full-length glutamate-gated chloride channel genes (TcGluCls) and 3 c-aminobutyric acid chloride channel genes (TcGABACls) and their expression levels in different developmental stages in T. cinnabarinus. All 8 genes were successfully silenced in 2 sets using RNAi. One set was made of 5 TcGluCls, and the other set was composed of 3 TcGABACls. Compared with the control, after gene silencing the mortalities of mites in both sets decreased significantly when treated with 2 concentrations of abamectin, lethal concentration (LC 30 ) and LC 70 . Functional expression in Xenopus laevis oocytes and electrophysiological assays showed that these candidate targets are mediated by L-glutamate and GABA, respectively. The electrophysiological assays showed all 5 TcGluCls are sensitive to abamectin and ivermectin. Nevertheless, 3 TcGABACls are unresponsive to the same doses of these 2 acaricides. Our data suggested that TcGluCls are targets for abamectin and ivermectin. TcGABACls could not be activated by abamectin or ivermectin under current experimental conditions. However, the result of RNAi indicated that downregulation of TcGABACls decreased acaricidal activity of abamectin, suggesting that TcGABACls could not be excluded completely as targets for abamectin in mites.
chemical neurotransmitter signals into a transmembrane flux of either anions or cations (Wolstenholme, 2010) . All Cys-loop LGICs share a common pentameric structure arranged to form an ion-conducting pore. Different families of Cys-loop LGICs are categorized based on ligand specificity (Connolly and Wafford, 2004) . Vertebrate Cys-loop LGIC families include c-aminobutyric acid (GABA) and glycine (Gly), nicotinic acetylcholine (nACh), serotonin (5-HT), and zinc receptors. Invertebrate Cys-loop LGIC families are composed of not only the GABA receptors and nAChRs but also a broad range of inhibitory glutamate (Glu), histamine, and pH (pH) receptors (Knipple and Soderlund, 2010; Wolstenholme, 2010) . Members of the cys-loop LGIC family are known to be targets for a variety of active molecules, including insecticides, antiparasitic agents, anesthetics, muscle relaxants, and drugs for neurological disorders (Wolstenholme, 2011) .
The early experiments indicated the main target for AVMs could be the GABA receptor. Fritz et al. (1979) observed that excitatory postsynaptic potentials and inhibitory postsynaptic potentials in lobster (Homarus americanus) were blocked by abamectin and concluded that this inhibitory effect was caused by a GABA-like opening of chloride channels in the muscle membrane. A patch clamp study on Ascaris suum also demonstrated that ivermectin antagonized GABA receptors, reducing the single-channel conductance and the frequency of channel openings (Martin and Pennington, 1989) . In insects, ivermectin was shown to activate a chloride channel that was sensitive to glutamate but not sensitive to GABA, which is the first direct evidence for ivermectin interaction with glutamate-gated chloride channels (GluCls) (Duce and Scott, 1985) . Recently, more and more studies revealed the predominant role of GluCls for the macrocyclic lactone mode of action (Dufour et al., 2013; Liu et al., 2014) . However, there are still many disagreements on the target for AVMs, including mammalian GABA A receptors, invertebrate GABA A receptors, and glutamate receptors.
As acaricidal substances, abamectin and ivermectin have been widely used to control mites. However, the heavy use of abamectin has led to resistance in a number of strains of Tetranychus cinnabarinus and Tetranychus urticae worldwide (Ferreira et al., 2015; Monteiro et al., 2015) . Biochemical studies suggest that the resistance mechanisms to abamectin include an increased metabolism by cytochrome P450-dependent monooxygenases, glutathione S-transferases, and P-glycoprotein (Luo et al., 2013; Van Leeuwen et al., 2010) . It was reported that CYP392A16 could catalyze hydroxylation of abamectin (Riga et al., 2014) . Recent studies have identified 2 mutations of a GluCl channel between susceptible and abamectin-resistant T. urticae and further revealed the accumulation of the mutations associated with abamectin resistance by genetic analysis (Dermauw et al., 2012; Kwon et al., 2010) .
The cys-loop LGICs gene family of T. urticae had been identified by gene annotation and phylogenetic analysis using recently sequenced T. urticae genome. However, very few studies have functionally characterized cys-loop LGIC genes and their potential target sensitivities to AVMs (Dermauw et al., 2012) . A better understanding of the molecular targets of AVMs in mites is essential in devising strategies to circumvent resistance. Characterizing AVM targets in mites could help us gain insights about the mode of action of AVMs, understand resistant mechanisms, and develop new strategies for pest management. Therefore, our aim in this study is to functionally identify GABA-gated chloride channels and GluCls that are sensitive to abamectin and ivermectin by means of RNA interference and functional expression.
MATERIALS AND METHODS

Mites and chemicals
The laboratory carmine spider mite population was originally collected from the field of Beibei District, Chongqing, China and kept in artificial climate chamber for more than 15 years. The rearing conditions were as follows: 26 C temperature, 35%-55%
relative humidity, and a photoperiod of 14:10 h (L:D). GABA, L-glutamate, abamectin, and ivermectin were purchased from Sigma (St Louis, Missouri). GABA and L-glutamate were dissolved in standard oocyte saline. Abamectin and ivermectin stock solutions were first prepared in dimethyl sulfoxide (DMSO), and then the solutions were diluted in standard oocyte saline to the final concentration prior to tests. DMSO in each solution was < 1% (vol/vol), which had no effect on the oocyte responses.
Bioassay
Median lethal concentration (LC 50 ) values were measured using the modified residual coated vial method. Detailed information on the bioassay procedure was given by our previous study (Feng et al., 2011) . Abamectin or ivermectin was dissolved in acetone to at least 5 concentrations to keep mortality at 20%-80%. More than thirty, 3-5 days old healthy adult females were transferred into the abamectin-/ivermectin-coated centrifuge tube. Each dose was performed in 3 replicates. After 24-h treatment, the mites showing immobility or with legs irregularly trembling were considered dead. Standard probability value analysis was performed with the data obtained by the toxicity test according to Finney's (1971) method.
Total RNA isolation, synthesis of cDNA Total RNA was extracted using RNeasy Plus Micro Kit (Qiagen GmbH, Hilden, Germany) from 200 female adults in accordance with the Qiagen manual. The quality of the RNA sample was verified by ensuring that the OD260/280 was within the range of 1.8-2.2 when measured by the NanoVue UV-Vis spectrophotometer (GE Healthcare Bio-Science, Uppsala, Sweden) and was further confirmed by 1% agarose gel electrophoresis. The reverse transcription was carried out using PrimeScript 1st Strand cDNA Synthesis Kit (Takara, Dalian, China), and the synthesized cDNAs were stored at À20 C.
Gene amplification and sequence analysis
Based on T. urticae genome data, we designed 8 pairs of PCR primers to obtain the full-length sequence of the 3 c-aminobutyric acid chloride channels (GABACls) and 6 GluCls genes (Supplementary Table 1 ). The PCR products were cloned into the pGEM-T cloning vector system (Promega), and positive clones were sequenced by BGI (Beijing, China). The similarity searches were performed by using the T. urticae genome (http://bioinfor matics.psb.ugent.be/orcae/overview/Tetur). Transmembrane domains were predicted by TMHMM Server Version2.0 (http://www. cbs.dtu.dk/services/TMHMM). The motif discovery and pattern analysis were conducted by using MEME network server (http:// meme.sdsc.edu). A maximum likelihood analysis with 1000 bootstraps was performed using MEGA6.06 (http://www. megasoftware.net/).
RNAi
The method used for RNAi in mites was described in one of our previous studies (Shi et al., 2015) . Basically, the primers with T7 promoter region in both sense and antisense strands were designed to amplify cDNA fragments and were listed in Supplementary Table 1. All of TcGluCls and TcRDLs were targeted by dsRNAs and synthesized by specific primers of their sequences. The green fluorescent protein (GFP) (ACY56286) gene was used as a negative control, and Diethylpyrocarbonate (DEPC)-treated water was used as blank control. To distinguish the role in abamectin-resistance between TcGluCls and TcRDLs, 2 sets of RNAi were employed. In set A, the mites were fed with the mixture of 5 different dsRNAs of TcGluCls for 48 h whereas in set B, the mites were fed with the mixture of 3 different dsRNAs of TcRDLs for 48 h. dsRNAs were synthesized by using TranscriptAid T7 High Yield Transcription Kit (Thermo scientific, Lithuania, EU) and were further purified by using the GeneJET RNA Purification Kit (Thermo scientific). Finally, dsRNAs were dissolved in nuclease-free water. The dsRNA feeding with leaf-disc was adopted to implement RNAi. First, the dehydrated leaves of cowpea were used to absorb water, dsGFP, or dsRNAs. After a full absorption, the leaves were put on wet filter paper. Then, 30 female adults (3-5 days old and starved for 24 h) were placed in each leaf-disc and reared under controlled growth conditions. After feeding for 48 h, the mites were collected for toxicity tests and inhibiting efficiency test.
Quantitative real-time PCR
The qPCR experiments were conducted to measure RNAi efficiency and the expression levels of 5 TcCluCls and 3 TcGABACls in 4 developmental stages. The qPCR was performed on an ABI 7500 (Applied Biosystems, Foster City, California) using a mixture of 10 ll 2Â SYBR Green PCR Master Mix (TaKaRa), 0.4 ll each primer (10 lM), 2.5 ng of sample cDNA, and 6.8 ll of sterilized ultrapure H 2 O. Reaction programs were 30 s at 95 C, 40 cycles of 95 C for 5 s, and 60 C for 34 s. To ensure the reliability of the data analysis, 2 reference genes (RPS-18 and a-tub) were utilized as internal control. These 2 housekeeping genes were stably expressed among different stains and developmental stages in this species (Sun et al., 2010) . The relative quantitative method (2 ÀDDCt ) was used to calculate the fold changes of target genes (Pfaffl, 2001) , and the fold changes were further normalized by the average of 2 reference genes. Three biological replicates with each biological replication measured in 2 technique replications were taken for each treatment. The primers employed in the qRT-PCR are listed in Supplementary Table 1 . The amplification efficiency was estimated using the equation:
The slope was derived from plotting the cycle threshold (Ct) value versus 6 serially diluted template concentrations. The amplification efficiencies of 8 pairs of primers ranged 96.68%-102.09% and detailed information also was listed in Supplementary Table 1 . A single and discrete peak was detected in all the melting curves of the experiments. All the qPCR experiments were conducted according to MIQE guidelines (Bustin et al., 2009) .
Vector construction and cRNA synthesis
Specific primers (Supplementary Table 1 ) with Kozak consensus sequence and restriction enzyme cutting sites were designed to amplify the full open reading frames (ORFs) of these genes, which were then ligated into an expression vector pT7Ts using T4 DNA ligase (Fermentas, Hanover, Maryland). After sequencing the ORFs for identity confirmation, the plasmid DNAs were extracted. The downstream enzyme was used to linearize the plasmid DNA followed by an extraction using the phenol and chloroform method. cRNAs were then synthesized using mMESSAGE mMACHINE T7 kit (Ambion, Austin, Texas)
Electrophysiological recording
Three TcGABACls and 5 TcGluCls genes were expressed in Xenopus oocytes individually, and the 2-electrode voltage-clamp was used to record currents according to previously reported protocols (Wang et al., 2010) . Mature healthy oocytes (stage V-VII) were selected and treated with 2 mg/ml collagenase in washing buffer (96 mM NaCl, 2 mM KCl, 5 mM MgCl 2 , and 5 mM HEPES [pH 7.6]) for 1-2 h at room temperature. Then, 27.6 ng cRNAs were microinjected. After injection, oocytes were cultured for 2-4 days at 18 C in 1Â Ringer's solution (96 mM NaCl, 2 mM KCl, 5 mM MgCl 2 , 0.8 mM CaCl 2 , and 5 mM HEPES [pH 7.6]) supplemented with 5% dialyzed horse serum, 50 mg/ml tetracycline, 100 mg/ml streptomycin, and 550 mg/ml sodium pyruvate. Whole-cell currents were recorded from the injected Xenopus oocytes with a 2-electrode voltage-clamp and an OC-725C oocyte clamp (Warner Instruments, Hamden, Connecticut) at a holding potential of À80 mV (Barish, 1983) . Oocytes were exposed to compounds in ascending order of concentration with an interval between exposures that allowed the current to return to baseline. Data acquisition and analysis were carried out with Digidata 1440A and PCLAMP 10.2 software (Axon Instruments Inc, Union City, California). Dose-response curves were analyzed using GRAPHPAD PRISM 5.0 (GraphPad Software Inc, San Diego, California).
Statistical analysis
All data (mean 6 SE) of multisamples were subjected to 1-way nested ANOVA with the least significant difference test for mean comparison. Two-sample analysis was performed using Student's t test using SPSS Statistics 18.0 (SPSS Inc, Chicago, Illinois). Normalized concentration response data were analyzed by nonlinear regression using the GraphPad Prism 5.0 software (GraphPad Software) to obtain the maximum normalized response, the half maximal effective concentration (EC 50 ) values, and Hill coefficients. Data were presented as the mean 6 SE for at least 8 oocytes from at least 2 different frogs.
RESULTS
Toxicity Test
The median LC 50 value of abamectin was 3.76 mg/l while the LC 50 value of ivermectin was 7.88 mg/l in T. cinnabarinus (Table 1) . The LC 50 value of abamectin is < 50% of that of ivermectin, indicating that the acaricidal activity of abamectin is superior to ivermectin. The carmine spider mite is more sensitive to abamectin than ivermectin.
Identification of GABACls and GluCls Genes and FullLength cDNA Cloning
In this study, 3 full-length GABACls and 5 GluCls subunits were obtained by PCR. An alignment of their protein sequences shows that the subunits possess core characteristics of Cys-loop LGIC ( Figure 1 ): (1) signal sequences for the cellular localization to the endoplasmic reticulum; (2) extracellular N-terminal domains containing distinct regions (loops A-F) for ligand binding; (3) the cys-loops consisting of 2 disulfide bondforming cysteines that are 13 amino acid residues apart; (4) the presence of 4 transmembrane regions (TM1-4) with the TM2 containing most amino acid residues for the channel lining; and (5) highly variable intracellular loops between TM3 and TM4.
A maximum likelihood phylogenetic analysis with GluCls and GABACls subunits of T. cinnabarinus (Tc), Drosophila melanogaster (Dm), Apis mellifera (Amel), Tribolium castaneum (Tcas), and cys-loop LGIC subfamilies of T. urticae (Tu) was conducted.
The results indicated that they are closely related orthologous among mites and other insects (Figure 2) . To facilitate the comparison between these 2 species, T. cinnabarinus subunits were named after their T. urticae counterparts. Similar to T. urticae, all of the 3 GABACls were classified as RDL homologous subunits (TcRDL1-3) and no orthologs of GRD or LCCH3 was found in T. cinnabarinus. One GluCls subunit (TuGluCl6) that was identified in T. urticae failed to be cloned in T. cinnabarinus. The high identity between TuGluCl6 and TuGluCl5 (99.2%) might be the reason why TuGluCl6 ortholog was so difficult to be cloned. The remaining 5 GluCls subunits cloned from T. cinnabarinus have very high similarities to the orthologs of other mites and insects.
Expression of RDLs and GluCls Genes in 4 Developmental Stages
We next investigated the expression of the transcripts of 8 genes in different developmental stages of T. cinnabarinus using qPCR ( Figure 3 ). The expression levels of TcRDL1, 3 and TcGluCl4, 5 in eggs were significantly lower than those in other stages. The mRNA levels of TcGluCl1, 2 genes in larvae and nymphs were significantly higher than those in adults and eggs ( Figure 3 ). In the detection of TcGluCl1-4, the transcription in the larval stage was the highest (Figure 3) . However, the mRNA expression of TcGluCl5 in the adult stage was the highest (Figure 3 ).
Resistance Changes to Abamectin After Chloride Channel Gene Silencing
When qPCR experiments were performed, the dsGFP and water treatments were used as controls for all 8 genes in sets A and B. To validate if the offsite effects exist, the expressions of all 8 chloride ion channel genes were detected when either a mixture of TcCluCls dsRNAs or a mixture of 3 TcRDLs dsRNAs was applied (Figure 4) . The mRNA expressions of TcGluCls were significantly decreased but not of TcRDLs when TcCluCls dsRNAs were applied in set A ( Figure 4A ). Meanwhile, opposite results were generated when dsRNAs of TcRDLs were applied in set B ( Figure 4B ). There was no significant difference between negative control and blank control in each treatment. These results indicated that the expressions of TcCluCls and TcRDLs, which have high gene sequence similarities, were not interfered by similar dsRNAs, suggesting that there was no detected offsite effect of RNAi experiments in this study. The results of RNAi indicated that TcGluCls and TcRDLs could be successfully silenced by their specific dsRNAs, respectively. A dicer blast search (a methodology described by Naito et al., 2005) for the dsRNAs used in this study was also performed using the available sequences of T. urticae, a species highly related to the carmine spider mite. None offsite target mRNA sequence had been identified. However, we cannot completely rule out the possibility of offsite effects in this species because the whole genome of the carmine spider mite has not been sequenced yet. To ascertain the role of these genes in the responses of mites to abamectin, 2 concentrations of abamectin, LC 30 (2.12 mg/l) and LC 70 (6.68 mg/l), were used to treat mites after RNAi. The mortalities caused by both 2-concentration treatments in both 2 sets were significantly smaller than those in the controls ( Figure 5) . Furthermore, the range of mortality-decreasing in 2 sets with LC 70 concentration treatment (27% in set A, 28% in set B) were larger than those with LC 30 concentration treatment TcRDLCls were used. dsGFP was adopted as negative control; DEPC-H2O was used as blank control. * indicates significant difference (ANOVA analysis, P < 0.05).
(11% in set A, 12% in set B), and there was no significant difference between the mortalities of sets A and B in either LC 30 or LC 70 treatment. The decrease of the mortality implied that both of GluCls and GABACls might play crucial roles in the acaricidal activity of abamectin.
Functional Expression of TcGluCls and TcRDLs in Xenopus laevis Oocytes
To evaluate electrophysiologically functional properties of these chloride channel genes, individual TcGluCls and TcRDLs genes were expressed in X. laevis oocytes and their responses to glutamate or GABA were recorded by using 2-electrode voltageclamp. Figure 6 shows electrophysiological recordings from oocytes injected with individual cRNA of TcRDL1-3 and TcGluCl1-5 in response to L-glutamate or GABA. When concentrations of GABA were increased, the currents of oocytes also increased until reaching to the equilibrium. The EC 50 value of GABA is the highest for TcRDL3 and lowest for TcRDL1, indicating that the TcRDL1 was the most sensitive target for GABA (Table 2) . Moreover, when comparing the Hill slope of dose-response curves, there were great differences among 3 RDL subunits ( Figure 7 and Table 2 ). Superfusion with increased concentrations of L-glutamate led to a graded increase in currents and the EC 50 values of L-glutamate for TcGluCls ranged from 2.701 to 3.019 mM ( Figure 7 and Table 2 ). The EC 50 values from the highest to lowest are TcGluCl2, TcGluCl3, TcGluCl1, TcGluCl4, TcGluCl5, suggesting that the TcGluCl5 was the most sensitive target for L-glutamate. In terms of the functional properties of TcGluCls from EC 50 of L-glutamate and Hill slope of dose-response curves, there were relatively small differences among these subunits ( Figure 7 and Table 2 ). Although some genes showed different sensitivities to neurotransmitters (GABA and L-Glutamate), our results clearly demonstrated and distinguished their physiological functions, which coincided with the prediction from homology and phylogenetic analysis in mites.
Sensitivity Detection of Subunits to Abamectin and Ivermectin
To examine the differences of these subunits in the pharmacological properties, X. laevis oocytes expressed with TcGluCls and TcRDLs were treated by 2 acaricides, abamectin and ivermectin. The results showed that both 10 lM of abamectin and ivermectin were able to induce currents from all expressed TcGluCl subunits but failed to induce any of expressed TcRDL subunits (Figs. 8A and B) . Another interesting phenomenon was that all of the current values of TcGluCls subunits induced by abamectin were higher than those induced by ivermectin ( Figure 8C ), indicating that TcGluCls subunits might be more sensitive to abamectin than ivermectin. And the current traces of TcCluCl3 to abamectin, TcGluCl1 to ivermetin, and TcGluCl5 to ivermetin were irreversible. Based on these responses, in general, TcGluCls are sensitive to abamectin and ivermectin while TcGABACls are diametrically opposed.
DISCUSSION
The GABA receptors mediate inhibitory chloride currents are major components of synaptic inhibition in the central nervous system of invertebrates and vertebrates. Although most insects have 3 subbranch orthologs (RDL, LCCH3, and GRD), all of 3 TcGABACls subunits belong to RDL orthologs. A RDL gene was firstly isolated from field dieldrin-resistant strain of the dipteran D. melanogaster (Buckingham et al., 2005) . All RDL subunits possess the PAR-motif before TM2, which is important for forming anion channels, while GRD and LCCH3 lack this sequence, and may form cation permeable channels. In many insects, RDL gene has been identified with alternative splicing during transcription, which contributed to the functional variations of these receptors (McGonigle, 2010) . For example, an alternative splicing occurred in loops F and C of the RDL binding site on the external face of the vestibule and influenced the putative agonist-binding site at the RDL subunit interface (Hosie et al., 2001) . In T. urticae, no alternative splice site has been identified from RDL genes yet and multiple Rdl orthologs might provide functional variations instead (Dermauw et al., 2012) .
GluCls are expressed in neurons and muscles of invertebrate species, including mollusks, flatworms, roundworms (nematodes), ticks, and mites, as well as insects and crustaceans (Wolstenholme, 2012) . Most insects, such as D. melanogaster, T. castaneum, A. mellifera, and Lepeophtheirus salmonis, have only 1 functional GluCl subunit Sattelle, 2006, 2007; Knipple and Soderlund, 2010) . In other species, the numbers of functional GluCl genes are varied. For instance, 2 GluCl genes have been described in Aplysia californica (Kehoe et al., 2009 ) while up to 6 GluCls have been identified in T. urticae. In this study 5, GluCl genes were cloned from T. cinnabarinus. One ortholog to the T. urticae GluCl could not be cloned in T. cinnabarinus Different letters indicate significant differences (ANOVA analysis, P < 0.05).
probably due to the high similarity of nucleotide sequences between 2 T. urticae paralogs because the amino acid sequences of these 2 were the same. In most insects, similar to GABACls, GluCls are diversified by the alternative splicing in different tissues (Wolstenholme, 2012) . It was reported that the GluCls in Drosophila, house flies and honeybees were spliced to generate 3 variants termed modules 1-3 (Hosie et al., 2001) . Different physiological roles and the pharmacological properties of these GluCls variants have also been well studied in the house fly (Kita et al., 2014) . In mites, no splicing site has been found yet, which might be the reason why several GluCl genes were present in the genome to transcribe variants.
Based on the alignment of amino acid sequences and signature sequences in their predicted transcripts, 29 subunits in the T. urticae genome had been predicted to have cys-loop LGIC characteristics (Dermauw et al., 2012) , including GABACl and GluCl subunit candidates. However, until functional expression data become available, it will be difficult to distinguish these candidates from other ligand-gated anion channels (Connolly and Wafford, 2004) . In our study, all of 3 RDLs and 5 GluCls cloned from T. cinnabarinus were induced with robust inward currents in a concentration dependent fashion to GABA or Lglutamate, respectively. When compared with other chloride channels in insects, the EC 50 values for these channels were higher. A similar phenomenon (the induced concentration up to mM level) has also been documented in glutamate receptors of other species, such as Plutella xylostella (Liu et al., 2014) and Caenorhabditis elegans (Wolstenholme and Rogers, 2005) . This difference could be explained by species gap or the lack of the accessory proteins coexpressed in X. laevis oocytes. However, it is certain that the physiological functions of these subunits from T. cinnabarinus have been well demonstrated and distinguished in this study.
The argument about the targets for AVMs is long-standing. Based on current available data, we only can make a relatively cautious conclusion that the targets for AVMs are cys-loop
LGICs (Wolstenholme, 2010) . However, GluCls are potentially important targets for AVMs too. In both nematodes and insects, GluCls were identified as the targets for the AVMs by researchers (Liu et al., 2014; Meyers et al., 2015; Wolstenholme and Rogers, 2005) . In this study, currents of TcGluCls induced by abamectin and ivermectin and the decline of mortality after RNAi also indicate that the TcGluCls are the targets for abamectin in mites. Another important piece of evidence supporting that the target site for AVMs are GluCls is mutation identification. A naturally occurring 4-amino acid deletion was identified in CluCl1 of C. elegans, and the deletion conferred resistance to AVMs and the AVM-producing bacterium S. avermitilis (Ghosh et al., 2012) . In T. uritace, 2 mutations also were identified in GluCl1 and CluCl3 of abamectin-resistant strains. However, whether the existence of mutations in mite GluCls can reduce the sensitivities to abamectin and ivermectin requires further study (Dermauw et al., 2012; Kwon et al., 2010) . Nevertheless, this study, for the first time, provided direct evidence to support that GluCls are the molecular targets for AVMs in mites by using electrophysiological assays. GluCls have so far only been identified in invertebrates (Wolstenholme, 2010) . Therefore, in vertebrates, many other cys-loop LGICs were considered as the targets for AVMs, including nAChR, GlyR, and GABACls (Lynagh and Lynch, 2012). In invertebrates, other cys-loop LGICs are also sensitive to the AVMs, in particular, GABACls (Lynagh and Lynch, 2012) . Earlier studies showed that abamectin and its homologs could couple with GABACls and replace the [ 3 H] n-Propyl-ethynylbicycloorthobenzoate (a channel blocker) in heads of the house fly and fruit fly (Cole and Casida, 1992; Kayadjanian et al., 1994) . Another study observed that ivermectin and milbemectin behaved as allosteric agonists of the Drosophila RDL GABA receptor (Nakao et al., 2015) . G336A, G336S, and G336T mutations in Drosophila RDL gene had profound effects on the activities of ivermectin and milbemectin while a G336M mutation abolished the allosteric agonist and antagonist activities of these macrocyclic lactones (Nakao et al., 2015) . Neither abamectin nor ivermectin can induce currents from TcGABACls in this study. However, when the TcGABACls expressions were downregulated through RNAi, the mortality of mites treated with abamectin decreased in our experiments, indicating that TcGABACls might also be involved abamectin's mode of action. The phenomenon of an increased GABA content has been observed in abamectin-resistant and abamectintreated T. cinnabarinus during our previous study (Zhu et al., 2010) , suggesting that abamectin might affect the GABAGABACls system in mites. One possible reason to explain the divergence between the results from electrophysiological assay and RNAi was that GABACls could only be opened at a high abamectin concentration whereas other chloride channels were able to open at a low concentration (Campbell, 1981; Fritz et al., 1979; Pong et al., 1980) . Unfortunately, in this study, the highest concentration of abamectin or ivermectin that can be dissolved in the Ringer's solution for Xenopus oocytes was 10lM, which might not be high enough to open GABACls. Therefore, at current experimental condition, GABACls cannot be confirmed by electrophysiological experiments. Hopefully, with the development of new techniques, GABACls also could be confirmed as the targets by using electrophysiological experiments in near future. We believe that the effects of abamectin in mites could be, in a way, similar to modulators in humans. At human GABA A receptors, the anesthetics not only potentiate currents elicited by submaximal GABA but also directly activate the receptors at high concentrations (Stewart et al., 2008) . For instance, neurosteroids directly activate GABA A receptors at higher concentrations but enhance anesthetic etomidate binding through allosteric modulation at lower concentrations (Li et al., 2009) . Compared with other genes, heterologously expressed GABACls and GluCls showed relatively lower sensitivity to neurotransmitters and AVMs (Gassel et al., 2014; Karim et al., 2013) . In a recent mammalian study, current responses could be induced from GABA A receptor expressed oocytes when the concentration of ivermectin reached to 100 lM (Xu et al., 2016) . In another study on GAB-1/HG1A receptor of nematodes, researchers found that the value of current induced by 10 lM GABA þ 10 lM ivermectin was higher than that induced by 10 lM GABA only whereas 10 lM ivermectin alone could not induce current responses at all (Feng et al., 2002) . Therefore, the undetectable current of TcGABACls from AVMs' stimulation in this study might attribute to the factor that the concentration of AVMs was not high enough to open the GABACls directly due to a low solubility of AVMs in the standard oocyte saline solution.
RNAi technology has been widely used to identify or validate target genes for insecticides (Kim et al., 2015) . In our study, RNAi technology was used to reduce mRNA level of channel genes so that the changes of mortalities after gene silencing could be detected. Because abamectin is more commonly used than ivermectin for the mite control in the agricultural industry, the abamectin was selected to execute the bioassay. As potential targets for insecticides, a change of expressed levels of these genes had been proven to mediate resistance in many pests (Kehoe et al., 2009; Rinkevich and Scott, 2013; Wan et al., 2014; Xiuzhen et al., 2012) . A recent study reported that decreased transcript abundances of GABACl and nAChR in emamectin benzoate resistant salmon lice were involved in AVM resistance (Carmichael et al., 2013) . Another study also documented that RNAi suppression of the glutamate receptor gene resulted in a decrease of susceptibility to abamectin in P. xylostella (Xiuzhen et al., 2012) . All these studies showed that the RNAi technology can reduce the expression of target genes and the decline of target gene transcription is a possible resistance mechanism to insecticides. Similarly, our results from RNAi and toxicity test suggested the involvement of GluCls and GABACls in the toxicity of abamectin in mites. Both LC 30 and LC 70 concentrations were adopted to conduct bioassay experiments after RNAi. Interestingly, the mortality decreased more significantly after RNAi when a higher dosage (LC 70 ) of abamectin was applied. Similar results (higher dosage, bigger difference) have also been documented in the diamondback moth (Bautista et al., 2009 ). This phenomenon might be explained that the targets play a more important role when more abamectins reached to them as a higher dosage (LC 70 ) of pesticides was applied. Of course, the mechanism causing this phenomenon remains to be an interesting topic for further investigation.
CONCLUSION
We have presented here the first comprehensive analysis of GABACls and GluCls in mites. Besides traditional sequence alignment and evolutionary analysis, functional expression data also identified the functional characteristics of these predicted subunits. What is more, RNAi and functional expression data strongly suggest that TcGluCls are the targets for abamectin and ivermectin. Although currents could not be induced electrophysiologically from expressed TcGABACls by abamectin or ivermectin, RNAi results indicated that a decline of TcGABACl expresssions decreased acaricidal activity of abamectin. Our studies on GABACls and GluCls of mites provide valuable insights to understand how pesticides act on these chloride ion channels.
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